INTRODUCTION
A prime function of the mucosal immune system is the production of secretory IgA (SIgA) antibodies, which are dimers of IgA molecules joined by a J-chain and a secretory component. [1] [2] [3] The IgA dimer and J-chain complex produced by the plasma cell in the lamina propria (LP) of the mucosal membrane is transported through the epithelial cell barrier after binding to the poly-Ig-receptor (pIgR) on the basolateral side of the epithelial cell. 3, 4 The production of SIgA is important for protection against pathogens and in regulating the composition of the commensal microbiota. [5] [6] [7] [8] Despite intense interest in mucosal vaccine development and the interactions between mucosal IgA antibodies and the microbiota, several questions remain unanswered. 9 Among these questions are where and how B cells come in contact with antigen, where switching from IgM to IgA occurs, the role and function of germinal centers (GC) and CD4 T-cell subsets at mucosal sites, what are the regulatory differences between T-dependent and -independent IgA responses, whether development of long-term memory occurs and how responses to infection or immunization differ between the small and large intestine, lung and genital tract. These questions are critical not only for mucosal vaccine development, but also for our understanding of how homeostasis can be maintained between the host and the microbiota, where an imbalance may lead to dysbiosis and severe inflammatory conditions. 10, 11 Therefore, recent attention has been given to the interplay between the gut microbiota and the production of IgA antibodies. There is broad consensus that development of a diverse microflora in the adult gut is associated with a healthy life. 7 However, the overriding question is what is the role of gut IgA antibodies for homeostasis? Do IgA antibodies in a mother's milk help select for a healthy bacterial repertoire or are colonizing microbiota imprinting an IgA memory repertoire that, when established, maintains homeostasis? Or, perhaps, both are in operation? 12, 13 Alternatively, there may be genetic cues for the production of polyreactive SIgA that critically would form the repertoire of the microbiota and influence its diversity. 14, 15 This review reports our current understanding of how IgA B cells are activated, distributed, regulated and function in the tissues and how memory B cells and long-lived IgA plasma cells are generated and maintained. Since a review discussing the human IgA system recently was published in this journal, 16 we will focus exclusively on knowledge gained from experimental work in the mouse model. associated epithelium (FAE) . 17 The majority of MALT is localized along the gut and, hence, termed gut-associated lymphoid tissues (GALT). These are functionally strongly influenced by the gut microbiota. 10 Because most of our current understanding of the IgA B-cell response emanates from GALT, we will use gut intestinal IgA responses to describe the general features of MALT. However, of particular note is that the microbiota will dramatically affect not only gut IgA production, but also strongly influences lung IgA production via lung CD103 þ dendritic cells (DC) as well as IgA production in the mammary glands. 12, 18, 19 The FAE hosts specialized ''microfold'' (M) cells that transport luminal antigens into the underlying lymphoid follicle through transcytosis. 20 Epithelial stem cells undergo differentiation to M cells, after stimulation via the receptor activator of nuclear factor-kB ligand (RANKL) on mesenchymal cells, which induces expression of the transcription factor Spi-B. [21] [22] [23] [24] Mice that lack RANK in the intestinal epithelium or RANKL on mesenchymal cells produce reduced levels of SIgA in the gut and IgA coating of commensal bacteria develops slowly, demonstrating the importance of functional M cells for antigen uptake and gut SIgA responses. 24, 25 In addition, an alternative pathway for antigen to cross the mucosa was recently described that use retrograde transport through goblet cells. 26 However, such retrograde transport appears not to compensate for a lack of M-cell function, but rather is responsible for inducing tolerance in mesenteric lymph nodes (MLN), which also involves migrating CD103 þ DC from the LP. 27, 28 In fact, this latter pathway was initially described for CD103
þ DC that collaborate in the intestinal LP with CX3CR1 þ macrophages, which send out transepithelial dendrites to sample luminal antigen. [29] [30] [31] The GALT comprises several structures of which the Peyer's patches (PP) are the most important IgA-inductive sites ( Figure 1) . 32 These are macroscopically visible clusters of follicles in the small intestine. Much less visible clusters exist in the large intestine, termed colonic patches (cP), but the precise function of cP still remains to be investigated. [33] [34] [35] Moreover, hundreds of single follicles are present along the entire mouse small intestine, referred to as isolated lymphoid follicles (ILF), but these appear to function more as a safety resource when the PPs are failing ( Figure 2) . [36] [37] [38] Thus, at homeostasis few ILFs host GC and it is only with bacterial overgrowth that ILF develop significant GC reactions. 36, 39, 40 Also, the cecum may play a specific role for IgA production in the colon, but the precise function needs to be analyzed in more detail. 41 
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IgA Figure 1 The localization of B cells in PP after oral immunization with NP-CT. To the left is shown the localization of GFP-expressing NP-specific B cells in PP 1 week after immunization. The insert shows the position of the germinal center (GC), the B-cell follicle (B-cell fol), the subepithelial dome (SED), the epithelium (Ep) and the gut lumen (Lum). Antigen-specific GFP-expressing B cells are located in the GC and the SED. Noteworthy, IgA overlaps with CD35 (labeling the FDC network) in the follicle, suggesting that IgA is associated with FDCs and likely part of immune complexes. The individual channels are shown to the right marked with the respective antibody used for staining. The PP was visualized using an Axioplan Carl Zeiss microscope set up for filter-dense multicolor microscopy. 194 Individual images for each filter were imported into ImageJ for preparation of composite images.
In addition, certain bacteria can induce the formation of de novo tertiary lymphoid structures in cases of gut inflammation. 42, 43 Even though the MLN are not strictly GALT and are not in direct contact with the gut lumen, they receive afferent lymphatics from the gut and activated lymphocytes that migrate from PP. 17 Whether specific IgA B-cell responses can initiate from MLN is still debated 38, 44, 45 but MLN have a critical role for maintaining gut homeostasis as tolerance induction in gut T cells occurs at this site. 46 Noteworthy, the spatially separated follicles of MLN drain lymph from distinct parts of the intestine, i.e. small and large intestine, and appear to differ in which antigens they are exposed to, their ability to metabolize vitamin A and promote expression of the gut homing receptors, CCR9 and a 4 b 7 , in activated lymphocytes, as will be discussed later. 47 Following activation, expansion and maturation of specific B cells in PP the plasma cell precursors migrate through the lymph via the thoracic duct into the blood after which they can home back to the LP in the intestinal villi. 48 This way the IgA plasma cells seed the LP in the small and large intestine. The homing process is controlled by expression of specific homing receptors, where PP induced plasmablasts express a 4 b 7 , CCR9, and CCR10, restricting their migration to the small and large intestine. [49] [50] [51] [52] 
ANTIGEN UPTAKE AND INDUCTION OF IGA B-CELL RESPONSES
Dendritic cells, T and B cells in the subepithelial dome region (SED) of GALT, immediately beneath the FAE, are exposed to antigens taken up via the M cell. 20 Antigen presented by DC in SED can activate T and B cells in situ, but DCs can also migrate to intrafollicular T-cell areas in PPs where they prime CD4 T cells that together with the activated B cells form GC in the B-cell follicle. 53, 54 Direct interactions between DC and B cells in SED may play an important role in the generation of IgA responses as activated B cells upregulate CCR6, which allows them to migrate to SED where the ligand, CCL20, is being produced. 55 This way B cells in PP may also function to transport antigen from the SED to the GC (see below) and initiate IgA class switch recombination (CSR) at a pre-GC stage. 55 The latter is because DCs located to the SED express avb8 integrin, which activates latent TGF-b. Moreover, DCs outside of the GALT can play an important role for SIgA production as both ILF and LP contain large numbers of DC, and among these especially cells that produce both nitric oxide and tumor-necrosis factor (TNF), so called Tip (TNF and iNOS producing) DCs, as well as TLR5 þ and plasmacytoid DC have been found to support IgA B-cell differentiation. [56] [57] [58] Although earlier studies in both mice and humans indicated that LP could be a site for IgA CSR, more recent investigations have shown little support for IgA CSR in the unorganized gut LP in mice. 35, 42, [59] [60] [61] [62] The potential for any significant IgA CSR in the LP is poor because of the lack of B-cell proliferation, which is a prerequsite for IgA CSR. 59, [63] [64] [65] In addition, when B cells have completed IgA CSR they express short-lived circular a transcripts (CTa) from IgA switch circles, which has not been well documented in LP. 35, 59, 60, 66 Also, only low levels of mRNA for the AID enzyme, responsible for IgA CSR, has been detected in LP, which, in fact, could have occurred at other sites than the LP. 35, 60, 67 By contrast, DCs, B and T cells in ILF or tertiary lymphoid tissues make close contact, promoting an IgA-inductive function in this tissue, and, indeed, this has been observed in the absence of PPs or when overgrowth of the microbiota has occured. 42, 43, 68 THE GERMINAL CENTER REACTION AND IGA CSR As aforementioned, the dominant inductive site for IgA B-cell responses in GALT is the PP (Figure 1) . 35, 54 These organized 
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MucosalImmunology | VOLUME 10 NUMBER 6 | NOVEMBER 2017 lymphoid tissues differ in several aspects from other inductive sites in peripheral lymph nodes or spleen. 32, 69, 70 However, similar to other secondary lymphoid tissues the formation of GC in PP plays a critical role for the development of affinitymatured IgA B cells and the formation of long-lived plasma and memory B cells. [71] [72] [73] Following antigen-activation in nonmucusal tissues, B-cell expansion occurs and GC are formed in the B-cell follicles. This formation requires the concomitant expansion and differentiation of follicular helper T cells (T FH ) . 74, 75 In the dark zone of the GC, large numbers of random mutations are introduced into the immunoglobulin (Ig) heavy and light chain genes during rapid proliferation, resulting in random clonal variants that move into the light zone of the GC. 76, 77 At this site higher affinity B cells are selected through interactions with antigens presented as immune complexes on the follicular dendritic cells (FDC), which form a network in the GC. 78 CD40 and CD40L interactions between B and T FH cells are critical for GC formation, and blocking this interaction effectively disrupts the GC also in the PP. 71, 79 Contrary to other inductive sites, the PP consistently exhibit GC due to the presence of the microbiota and of food antigens in the lumen, a process which may not always require antigen-specific recognition. 48, 80 Whether the GC is required for IgA CSR has been investigated in detail and two studies have documented that this can occur at a pre-GC stage. 35, 55 We reported in CD40-deficient mice that despite no GC in the PP, their gut LP hosted near normal IgA plasma cell levels. 35, 59 The absence of GC was, nevertheless, accompanied by detection of the markers of IgA CSR in PP, i.e., AID expression and germline Ig alpha gene (GLa) and shortlived IgA post-switch circle transcripts (CTa), the best evidence of recent IgA CSR. 59, 61, 66, 81 In fact, we identified that GL7 int B cells in the PP from both CD40-deficient and WT mice expressed AID as well as post-switch CTa, but had not undergone significant SHM. 35 Hence, the most active stage of IgA CSR could be prior to a manifest GC stage and could be identical to a stage of B-cell differentiation previously reported in AID expressing B cells in PP of TCRb/d-deficient mice. 82 Consistent with the concept of extensive pre-GC CSR is the observation that the majority of IgA þ B cells in PP express AID and CD95. 67 This notion also agrees with observations made by Cyster and coworkers, who recently reported that IgA CSR may occur in the SED at a CCR6 þ stage prior to entering the GC. 55 In IgA CSR, DNA is deleted from the antibody heavy chain constant (C) region to allow juxtaposition of the IgA C region to the antigen-binding variable (V) region, which carries the gene sequences responsible for affinity selection. 38, 81, 83 The enzyme AID is strictly required for both SHM and CSR and high levels of AID is found in activated B cells in the GALT. 84, 85 To be functional AID requires cell division and, hence, absence of cell division, as observed in B cells in the LP, argues against IgA CSR at this location. 59, [63] [64] [65] In CD40-deficient mice, SIgA antibodies are directed against T-cell-independent antigens, most likely derived from the microbiota. 59 These SIgA antibodies represented largely unmutated IgA plasma cells in the LP, whereas, by contrast, essentially all IgA plasma cells in wild-type (WT) mice have been found to carry multiple mutations, suggesting that SHM may also occur in T-cellindependent IgA B-cell responses in WT mice. 35, 86 Therefore, we launched a theory, which proposes that activated B cells, even when activated by T-cell-independent antigen, undergo clonal diversification in already established GC in GALT, despite that cognate interactions with T FH cells appear unlikely. 72 This theory is supported by studies by Pabst and co-workers who have found extensive mutations in the vast majority of IgA-genes from isolated LP cells of wild-type mice using next-generation sequencing. 12, 86, 87 Indeed, IgA B cells reactive to LPS, a T-cell-independent antigen, were mutated in humans. 87 
IGA CLASS-SWITCH FACTORS AND OTHER IGA PROMOTING FACTORS
Following B-cell receptor (BCR) signaling, IgA CSR proceeds along a defined pathway of differentiation where multiple signals influence the process. 88, 89 However, TGF-b is the critical switch factor that controls IgA CSR. 90 Specific lack of TGF-b receptors on B cells result in a dramatically reduced IgA CSR, only few IgA plasma cells in the gut LP and failure to respond to oral immunizations. 91, 92 The mechanism of action for TGF-b is via binding of SMAD3/4 and Runx3 to a TGF-b responsive element in the Ia promoter of the IgA heavy chain gene, which activates GLa transcription. 90 The regulation of TGF-b-activity is complex because it is produced in a latent form and only after exposure to proteases, certain integrins, thrombospondin 1 or physical stress in the extracellular matrix does it become active. 93 There are several other factors that affect IgA production and possibly directly influences IgA CSR. Some of these elements are endogenous to the B cell, while both DC and CD4 T cells critically influence IgA CSR and IgA production in PP. 94, 95 For example, CD40-CD40L-signaling and multiple cytokines induce transcription from the Ia promoter. 38, 81, 96 In fact, for IgA CSR, CD40-and TLR signals are important, but neither is essential for IgA CSR to take place. 56, 59, 97 Furthermore, a proliferation-inducing ligand (APRIL) or B-cell activating factor (BAFF), belonging to the TNF family binding to the transmembrane activator and calcium modulator and cyclophilin ligand interactor (TACI), promote IgA production partly by inducing GLa transcripts. 96 Indeed, TACI or APRILdeficient mice have low levels of serum IgA but normal levels of IgG, suggesting specific roles for IgA production. [98] [99] [100] [101] However, APRIL and BAFF are also important B-cell survival factors, and may primarily support IgA B-cell survival rather than IgA CSR. 102 In addition, nitrogen oxide produced by iNOS-expressing cells can promote IgA differentiation, possibly via regulation of TGF-b receptor II expression on B cells and thereby GLa transcription, and iNOS-deficient mice exhibited decreased levels of SIgA. 56 More importantly, mucosal DC produce the enzyme retinaldehyde dehydrogenase (RALDH) that generates all-trans-retinoic acid (RA) from vitamin A. Binding of RA to its nuclear receptor induces expression of a 4 b 7 integrin and CCR9 on activated B and T lymphocytes, securing gut homing properties. 94 But, RA has multiple functions apart from imprinting homing receptors. Among them is IgA production, which specifically can be augmented through a RA response-element in the Ia promotor, thereby enhancing TGF-b-induced transcription. 103, 104 Hence, RA influences IgA CSR and depletion of vitamin A (RA precursor) strongly impairs IgA production. 105 In addition to these factors, IL-21 appears to be critical for IgA CSR. 106 T H 17 and follicular helper T cells (T FH ) express high levels of IL-21. This greatly influences IgA production in the intestine, while serum IgA production is less affected. IL-21 induces Aicda mRNA expression and, in particular together with TGFb-stimulation, greatly enhances IgA CSR and the acquisition of gut homing markers on the differentiating B cells. 106 Both IL-21 or IL-21R deficient mice produced significantly lower levels of IgA in the gut and lung. 106, 107 T H 17 cells also produce IL-17 and lack of IL-17 influences overall gut secretion of IgA, but, IL-17 signals do not seem to directly influence IgA CSR in B cells. 106, 108, 109 Rather, a combination of TGF-b, RA and IL-21 strongly promoted IgA production from activated B cells, possibly also involving an inhibitory effect of IL-21 on TGF-bdriven GLg2b gene transcription, and, in this way, IgA CSR and production was augmented.
106,110

THE ROLE OF FOLLICULAR DENDRITIC CELLS FOR IGA B-CELL RESPONSES
Non-hematopoietic cells play critical roles in B-cell expansion and differentiation. This is also true for GALT and the PP, in particular. Most prominently, follicular dendritic cells (FDC) are important for the formation of GC, and in this way influence IgA B-cell development. 111 Because FDC are known to present antigen complexes to B cells in the light zone, they critically control the selection of high-affinity B cells during the response. 78 Given the efficiency of selection and affinity maturation in PP, 112 the FDCs in PP most likely present tethered antigens as documented in peripheral lymph nodes and spleen. Interestingly, IgA deposition in PP GC follows the distribution of the FDC network, which resembles that of immune complexes (IC) in other secondary lymphoid tissues ( Figure 1) . 113 Contrary to IgG and IgM, though, IgA does not activate complement, which argues against involvement of complement receptors for trapping IgA-IC on the FDC. 114 Moreover, despite the presence of Fca/mR on FDC in PP, it appears that this receptor would rather inhibit than promote GC formation and IgA responses. 115 Therefore, one possibility for a role of IgA in affinity maturation, could be that high-affinity IgA antibodies substituted low affinity IgM or IgG on already captured IC, as has been previously suggested. 116 This way GC-derived IgA plasma cells would restrict low affinity antigen access and thereby, establish a selection pressure, accelerating the emergence of B cells of the highest affinities, only.
Continuous and combined stimulation of FDC through TLR and RA receptors can induce chemokines, survival factors, and molecules involved in the Myd88-pathway dependent expression of BAFF and TGF-b1, which all can contribute to enhancing IgA B-cell differentiation. 111 Also, antimicrobial peptides produced in the gut, such as cathelin-related antimicrobial peptide (CRAMP; the mouse counterpart to LL-37) may have similar functions. 117 Hence, it is feasible that PP FDCs are conditioned by environmental cues to express surface receptors required to sustain IgA-IC in PP to facilitate high-affinity B-cell selection as well as express factors that regulate IgA responses. Interestingly, follicular dendritic cell secreted protein (FDC-SP) is a suppressive factor on IgA B-cell responses and FDC-SP-deficient mice have enhanced IgA production in PP. 118 Apart from FDCs other stromal cells can produce IgA promoting chemokines and express LTbR and, indeed, epithelial cells can secrete BAFF and APRIL, which dramatically affect IgA differentiation. 68 The roles of these cell types have been difficult to study in gene deficient animals, but one study showed that over-expression of TLR4 in epithelial cells lead to increased numbers of IgA plasma cells through production of APRIL. 119 Furthermore, mesenchymal stromal cell membrane expression of RANKL in the SED is critical for M-cell differentiation and CCL20-dependent interactions between DC and B cells. 24 Consequently, a mesenchymal cell-specific deletion of RANKL resulted in a reduction of specific IgA responses and loss of microbial diversity.
T FH AND OTHER CD4 T-CELL SUBSETS IN THE REGULATION OF IGA B-CELL RESPONSES
The composition of different functional CD4 T-cell subsets in the PP is complex and distinct from that in systemic organs. Exactly what unique contributions these subsets have on the different stages of IgA B-cell differentiation awaits to be further investigated. [120] [121] [122] Recently identified CD4 T-cell subsets includes the T follicular helper (T FH ) and regulator (T FR ) populations. 123 The T FH interact with the activated B cells in a cognate fashion, meaning that TCR-MHC class II/peptide recognition is required. 124 However, there also exist other interactions of which CD40-CD40L is critical for GC formation and for expanding and differentiating the B-cell response. 125, 126 Other CD4 T-cell subsets found in PP are T FR and Foxp3 þ Tregs. 127, 128 The former appears to be derived from natural Tregs, but can also be generated from antigen-specific and naïve CD4 T cells. 129, 130 T FR cells undergo similar phenotypic differentiation as the T FH subset in systemic organs, i.e., express PD-1 and CXCR5, and suppress B-cell responses/T FH function through a mechanism dependent on IL-21. 131 Whether this is also the case in PP GC is poorly studied.
127 PD-1-deficient mice have enhanced T FH levels in GC but reduced ability to produce IL-21, and this appears to reduce the ability to produce affinitymatured gut IgA antibodies, leading to dysbiosis and defects in the mucosal barrier. 132 The origin of T FH cells in the GALT has been debated and two models exist where they either are derived from Foxp3 þ Tregs or are generated from Th17 cells. 95, 133 However, there is large plasticity among CD4 þ cell populations in the gut, and it is conceivable that Th1 or Th2 polarized cells may also contribute to the PP T FH population. 134 Interestingly, when Tregs and Th17 cells are converted to T FH they down-modulate their original phenotypes and support gut IgA production. 95, 133 Whereas it was reported that Rorgtexpressing CD4 T cells are critical for gut IgA production and 135, 136 In fact Tregs, located close to the B-cell follicle, can deprive the GC of IL-2, a cytokine known to prevent Bcl-6 expression in T FH precursor cells. [137] [138] [139] [140] Hence, Tregs could in this way promote IgA production. Finally, it appears that prolonged antigen exposure stimulates the accumulation of resident memory CD4 T cells in PP. 141 These resident memory CD4 T cells may be instrumental in the ability to rapidly replenish the plasma cell repertoire and for the strong memory IgA B-cell responses elicited after re-exposure to oral antigen, as will be discussed later. 71, 86 Similar to the bone marrow, survival niches exist in the gut LP that support the presence of IgA plasma cells for many months, although most gut plasma cells likely have a shorter turnover. 45, 71, 142 The longevity of plasma cells may be regulated by gut Treg cells as anti-CD25 Mab depletion rendered mice deficient in intestinal IgA. 135 Also Th17 cells could be critical for maintaining IgA plasma cells in the gut LP, not only because IL-17 is involved in pIgR-mediated transepithelial transport of SIgA, but because they could provide a microenvironment that is supportive of plasma cell survival. 108 Hence, both Th17 and Tregs may coordinately influence IgA plasma cell survival niches. Besides the T cells, epithelial cells, eosinophils and DCs in the gut mucosa can make CXC-chemokine ligand 12 (CXCL12), IL-1b, IL-6, BAFF, and APRIL, factors that are known to support plasma cell survival niches. 45, 143, 144 Indeed, eosinophils may be particularly important for this survival niche in the bone marrow as well as in the gut. 145 
IGA PRODUCTION AND THE GUT MICROBIOTA
The composition of the microbiota shape the IgA production, and, conversely, the IgA produced influences the composition of the microbiota. 7 This complex interrelationship appears critically important for a healthy life as dysfunctions in this balance may lead to dysbiosis and inflammation in the gut. 10, 146 Accordingly, in germ-free mice, little IgA is produced, but the levels rapidly increase upon bacterial colonization. 147 In addition, mono-colonization of germ-free mice has demonstrated that bacterial species differ in the levels of IgA they induce. 42 Some of these differences are due to changes in the expression of pIgR and factors affecting dimeric IgA transport, but also increased formation of IgA plasma cells in the PP could be involved. 42 Among the most effective are segmented filamentous bacteria (SFB). 148 These bacteria induce maturation of ILF, activation of GC in PP and even formation of tertiary lymphoid tissues in the gut. They also promote the development of Th17 and other lineage T cells. 42, 149, 150 Studies of SFB have been difficult, since it was previously not possible to cultivate them, but recent progress now allows for in vitro growth. 151 Another interesting type of non-cultivable bacteria, Alcaligenes, were shown to drive IgA production after invading PP and ILF. 152 However, even short-term reversible colonization with Escherichia coli K-12, a strain that is relatively poor at inducing antibody responses, leads to long-term production of IgA, indicating that neither specific bacterial strains nor continuous stimulation are absolute requirements for IgA production. 153 In fact, even infection of germ-free mice with murine norovirus induced significant production of IgA in the small intestine and colon. 154 Microbial stimuli differ in the level of antigen-specificity they induce, with some triggering primarily a specific and others a more broadly reactive IgA response. 42 Interestingly, even microbial production of shortchain fatty acids from dietary fiber can stimulate broadly reactive SIgA antibodies in the gut. 155 IgA antibodies reactive to commensal bacteria are found in gut secretions, but not in serum, and it was, therefore, proposed that some SIgA antibodies are involved in controlling the systemic spread of commensal bacteria. 156 Indeed, B-celldeficient mice are less effective in controlling bacterial translocation and spread to MLN. 157 Nevertheless, gut SIgA profoundly influences the composition of the microbiota, and a remarkably large proportion of gut bacteria in the small intestine are coated with IgA. 158 Although IgA coating was initially proposed to be a mechanism for uptake of invasive bacteria, this would also allow for non-invasive commensal bacteria to enter PP. 25, 159 In fact, when IgA production was reintroduced into AID-deficient mice, imbalances in the composition of the intestinal microbiota were reversed. 160 In addition, using a model with a mutated AID enzyme that supported IgA CSR but not SHM, it was demonstrated that the effect was ascribable to the absence of affinity-matured specific SIgA antibodies. 161 Moreover, PD-1-deficient mice exhibited a dysbiotic microbiota, due to poor selection of affinity-matured SIgA antibodies as a consequence of the increased frequency of T FH cells in PP GC. 132 Furthermore, in a model where FoxP3-expressing T cells were studied, reciprocal interactions between the microbiota and IgA in the gut shaped both the bacterial compartment and the production of IgA. 128 Also, pIgR deficient mice, that cannot transport dimeric IgA into their milk, exhibited a less diverse microbiota, emphasizing that SIgA antibodies may greatly influence the composition of the gut microbiota, even long after weaning. 162 SIgA do not only affect the bacterial repertoire of the gut microbiota, but could also influence the level of inflammation in the intestine. For example, specific SIgA appears to prevent spread of pathogens due to cross-linking of dividing bacterial cells, termed enchaining bacterial growth, and in this way facilitate pathogen clearance. 8 Furthermore, mono-colonization with Bacteroides thetaiotaomicron demonstrated that specific IgA antibodies against a single bacterial capsular polysaccharide impaired activation of innate immunity without reducing bacterial density, placing emphasis on the antiinflammatory effect of SIgA. 163 In addition, pups breast-fed by an IgA-deficient mother exhibited greatly enhanced IgA responses against the microbiota, while pups to an IgAproficient mother developed lower IgA responses while breast feeding. 164, 165 By contrast, bacterial strains densely coated with SIgA caused colitis when transferred into germ-free mice, and SIgA-coated bacteria from IBD patients were found to be colitogenic. 159 Bacterial strains present in the small intestine were more often coated with SIgA than those restricted to the colon, but whether these antibodies were generated from TD or TI antigens was not completely delineated. 158 However, overall the results suggested that TD and TI responses, identified nonoverlapping commensal bacterial taxa with most IgA þ bacteria emanating from TI responses, while atypical commensals, such as IgA þ SFBs, exclusively represented TD responses. Also, gnotobiotic mouse studies of fecal samples collected from undernutritioned Malawian children have identified diseasepromoting/dysbiotic IgA-coated bacterial species (among them Enterobacteriacae) that transmit weight loss and disrupted barrier functions, but which could be counteracted by two other IgA-coated bacterial species with an ameliorating effect isolated from nutritionally healthy individuals. 166 Therefore, presently it appears that SIgA antibodies bound to bacteria in the gut could be generated as TI or TD responses and be of different qualities, highly specific, broadly cross-reactive or even promiscuously polyreactive SIgA antibodies. This confusing picture may partly be explained by recent findings from Rescigno and collegues. 14, 15 These authors reported on a genetic difference between C57BL/6 and Balb/c mice in the diversity of their IgA repertoire, which correlated to the diversity of their respective microbiota. In fact, polyreactive IgA antibodies in the gut of Balb/c mice allowed for a better uptake of bound bacteria in the PP, which triggered the production of specific IgA antibodies and promoted a greater diversity in subsequent bacterial colonization of the intestine. Genetic factors controlling a diverse polyreactive IgA production may, thus, critically influence the chances of establishing a diverse microbiota based on the production of specific IgA antibodies against these non-invasive bacteria. Therefore, the genetic drivers of IgA production may be more critical for homeostasis than exposing the gut to an elaborate microbial flora, which could be decisive for whether probiotic treatments will work or not. 167 
SYNCHRONIZING GUT IGA RESPONSES
During systemic immune responses, de novo GC formation occurs in B-cell follicles of spleen and lymph nodes as a consequence of B-cell activation and proliferation. The GC reaction is well established 7 days after immunization, usually peaks a week later and then gradually declines with kinetics, at least partly, dependent on how quickly the antigen is cleared from the tissue. 168, 169 By contrast, the conditions in GALT and the PP, in particular, are completely different, where GCs are constantly present due to food antigens and the microbiota. 72 Hence, these GC could function to support the response to multiple antigens and allow activated B cells to exploit preexisting GC in PP. In fact, this possibility was supported by our observation that the same B-cell clones appeared in multiple GC in different PPs in the same mouse. 112 We found that antigen-specific B-cell clones were closely related not only in multiple PPs, but also in MLN, suggesting that early after activation B cells migrated to different PPs and MLN, where they continued to participate in affinity selection and differentiation. This way, the IgA plasma cell response in the gut LP could be synchronized to represent the high-affinity clones that were selected at different sites. Indeed, when we analyzed the clonality of the IgA response in the gut LP to a specific epitope, the NP hapten, we found that it was strictly oligoclonal and was dominated by cells that carried the highaffinity mutation V H 186.2 W33 to L33 in the CDR1 region. 112 When analyzing NP-specific IgA sequences that used the V H 186.2 V region, it was observed that clonally related B cells representing 3-6 clones were found in multiple PPs in the same mouse, suggesting that the expansion of these clones was synchronized and the consequence of an antigen-driven selection process. Thus, after activation NP-specific B cells leave the GC and migrate to re-utilize already established GC in multiple other PPs (Figure 3) . The phenomenon of re-utilization of existing GC in lymph nodes has been described previously by Or-Guil and co-workers, who discussed possible recirculation of GC B cells as a multilevel selection strategy for antibody maturation. 170 This might be particulary true for IgA B-cell responses in GALT. In fact, there are GC in PP that host multiple B-cell clones and these polyclonal GC sites could allow for both T-cell-dependent and T-cell-independent B-cell responses. 77 This way wild-type IgA gene sequences are mostly heavily mutated, while the IgA gene sequences from CD40-or T-cell-deficient mice largely lack mutations as these mice do not host GC in their GALT. 35, 86 Recently, we also found evidence that activated NP-specific B1-8 hi GFP þ B cells isolated from PPs after adoptive transfer could enter already existing GC in the PPs of the recipient mouse provided that oral antigen was given 24 h prior to transfer. 112 Hence, re-utilization of pre-existing GC in PP is a prime feature of the intricate induction of IgA B-cell responses in GALT and the reason why high quality SIgA antibodies are found at mucosal sites. 171 This system operates at the gut level, but whether it also functions at other mucosal sites has not been investigated.
MEMORY B CELLS AND LONG-LIVED PLASMA CELLS AFTER MUCOSAL IMMUNIZATION
The ability to develop long-term B-cell memory and production of antigen-specific SIgA antibodies is pivotal to successful mucosal vaccination and it might be critical for homeostasis of the microbiota. 12, 172 However, this ability has been questioned as the longevity of protection after mucosal vaccination has been reported to be short-lived. 173 Also, mono-colonization of germ-free mice with a commensal auxotrophic E. coli strain, i.e., dependent on nutrients not present in the mammalian host, established a reversible colonization of the gut, which failed to induce memory B cells. 153 On the other hand, findings of mucosal memory B-cell development and long-lived plasma cells in mice after infection or oral immunizations have been reported. 174, 175 For example, in adoptive transfer studies only memory B cells carrying gut homing markers were effective at producing IgA and protecting against rotavirus infection, while B cells without a 4 b 7 integrin produced specific IgG antibodies in serum, but did not protect against the infection.
176 Moreover, using CT as an immunogen or CT as adjuvant with co-administered antigen, we and others have documented extensively that specific memory B cells and long-lived plasma cells are generated following mucosal immunization. 142, [177] [178] [179] [180] [181] [182] Using next-generation sequencing (NGS) Pabst and co-workers 12, 86 have provided compelling evidence that the intestinal IgA repertoire accumulates highly expanded memory Occasionally, high-affinity clones will arise in this process. Due to migration of these activated B cells out of the GC into the lymph at an early stage, and recirculation through the hemolymphatic cycle, the high-affinity B-cell clones will be disseminated to multiple PPs. Subsequent to additional antigen exposures in GC of multiple PPs, these high-affinity clones will be effectively selected and, eventually, an oligoclonal high-affinity IgA response will dominate the gut lamina propria response. Noteworthy, there appears to be a preference for the generation of memory B cells over long-lived plasma cells in the early GC-phase and, hence, the memory pool will be more diverse and less affinity matured compared to the plasma cells after priming. In this way the pool of memory B cells has a broader binding-repertoire than the more epitope-restricted plasma cells, securing that long-term protection against infection can be maintained.
B-cell clones with many mutations with age and that each individual clone harbors unique CDR3 sequences. These unique gene sequences tend to remain stable and following a complete depletion of plasma cells they are reintroduced by activation of memory B cells resulting in an identical gut IgA plasma cell repertoire. We have developed a specific system for detailed analysis of the IgA response after oral immunization with the hapten NP conjugated to CT (NP-CT) by using an adoptive transfer model in which NP-specific B1-8 hi GFP þ B cells are injected into wild-type hosts before immunization. 112 This enables us to visualize the development and maintenance of memory B cells after oral immunizations with NP-CT. Using this model we found that strong memory B-cell responses were developed in multiple tissues, including spleen, MLN and GALT. 71 These cells were maintained for at least a year in the B-cell follicles of the spleen, lymph nodes and GALT despite a very low frequency among all B cells (1/1000-10 000). A subsequent oral challenge immunization elicited a dramatic IgA plasma cell response in the gut LP, reaching a magnitude of almost 15% of all IgA plasma cells within a week. Most surprisingly, whereas, NP-specific IgA cells in the intestinal LP and the bone marrow were clonally highly related, little clonal relatedness was found between long-lived plasma cells and memory B cells. Furthermore, an NGS analysis of IgA V-genes in long-lived plasma cells and memory B cells demonstrated in over 86,000 NP-specific sequences, more mutations and higher levels of affinity maturation in IgA-expressing long-lived plasma cells than in memory B cells. These observations suggest that memory B cells may leave GC reactions at an earlier time point than the long-lived plasma cells, an idea that is supported by a recent study from the Shlomchik laboratory. 183 By contrast, following a challenge immunization 1 year later, boosted IgA memory B cells in PP and the resulting IgA plasma cells in the LP were oligoclonal, arguing for an effective selection and maturation process of memory B cells in secondary GC upon reactivation. 71 Therefore, a secondary GC reaction appears critical to secure the production of high quality memory IgA antibodies in the gut LP. Indeed, a recent study by demonstrated at the single cell level that BCR diversification can be reinitiated in switched-memory B cells in secondary GC. We believe our observation in PP is a good example of this notion.
Furthermore, NP-specific memory B cells following oral immunization resided in the B-cell follicles in spleen, MLN and GALT and these cells, similar to other mouse memory B cells, expressed CD80, PD-L2 and CD73. 71, 185, 186 Upon adoptive transfer anti-NP IgA and IgG responses were recorded upon a challenge immunization. Memory B cells expressed a 4 b 7 integrin and were IgA þ in PP, whereas in other locations they were mostly IgM þ . Upon reactivation, most activated memory B cells in PP did not re-express GL7, but nevertheless expanded and underwent strong clonal selection in GC with affinity maturation. Noteworthy, only reactivated memory B cells in PP, but not in spleen, up-regulated expression of CCR9 on the differentiating plasmablasts. Hence, memory B cells in the spleen did not contribute to the gut LP IgA plasma cell response and, therefore, it could be speculated that oral priming induces memory B cells distinct from those formed after systemic priming. This idea finds support in that IgG þ memory B cells appear to depend on the T-bet transcription factor (Tbx21), whereas memory IgA þ B cells instead express RORa. 187 Following oral immunization all memory B cells expressed CD73 in the GALT, which we propose is indicative of a PP GC origin, as few such cells are present in young CD40-deficient mice. 71 As CD73 þ B cells accumulate in PP with age it appears that both TD and TI antigens may drive this accumulation. Hence, we propose that B cells responding to gut TI antigens also acquire CD73 after passing through a GC. However, we still have only a weak perception of what proportion of gut IgA plasma cells in the LP are representing B cells reactive to TI antigens in a normal homeostatic intestine. 188 
A PROPOSED MODEL OF GUT IGA B-CELL RESPONSES
Because specific gut IgA responses are oligoclonal and essentially all gut LP IgA plasma cells in WT mice have acquired extensive SHM, activated B cells are likely to have passed through GC prior to migrating to the LP. 35, 86, 189 These observations converge on the notion that activated B cells can re-utilize pre-existing GC in PP, which is central to explaining how gut IgA responses are synchronized and that even TI antigens will drive somatically mutated B-cell clones in the gut. 87 By contrast, in CD40-and T-cell-deficient mice IgA CSR can occur, but SHM is not observed in the IgV H -genes. 35, 86 Hence, IgA CSR does not strictly require GC formations in PP, but can occur at a GL7 int stage, prior to GC maturation. 35 This notion finds support in a recent study by Reboldi et al. which reported IgA CSR in the SED region of the PP where CD11b þ DC-B-cell interactions occur following CCR6-dependent migration to SED before entering the GC. 55 Whether IgA CSR initiated in the SED region occurs in response to both TD and TI antigen is not known, but findings of strong IgA CSR in the absence of PP GC in CD40-deficient mice would support this idea. 35, 59 Reboldi and co-workers 55 also provided experimental data to suggest that activated B cells could move in retrograde direction from the SED to the follicle. Accordingly, we recently observed a migratory pattern of activated GFP þ NP-specific B cells that support a role for SED during an ongoing response (Figure 4) . We observed that responding B cells were detected in the SED, in direct contact with M cells, enabling sampling of antigen and effective delivery of antigen to the follicle (unpublished observation). We also found that oral antigen needed to be given 24 h prior to adoptive transfer of activated PP B cells in order to observe their re-utilization of GC in recipient mice. 112 This way access to antigen could be secured in the GC by B cells migrating from SED in a manner similar to the suggested movement of marginal zone B cells in spleen and follicular B cells in lymph nodes. 190, 191 This role for B cells in antigen transport from SED to GC in PP could be a mechanism for controlling the response and restrict the specific B-cell response to PPs that have access to luminal antigen. This way a widespread infection would engage many PPs while a local infection would engage only a single or few PPs. Moreover, oral priming immunization preferentially activates B cells in the proximal small intestine, while repeated oral immunizations engages also the distal PPs. 112 Whereas activated B cells leave the proximal PPs at an early stage, they accumulate in distal PPs, but only when sufficient luminal antigen is present in distal PPs. This is achieved only after repeated oral immunizations. The expansion of activated B cells in more distal PPs appears to require expression of CD40, because B cells lacking CD40
could not accumulate in pre-existing GC PPs (unpublished observation).
The majority of IgA-expressing plasma cells, those responding to TD antigens as well as to microbiota-derived TI antigens, are generated from B2 B cells in PP. 38, 192 Activated B cells enter GC before or after IgA CSR and next go through several rounds of proliferation and affinity maturation, as a consequence of extensive SHM, before seeding the LP. The function of mucosal immunity requires a highly developed distribution and synchronization system for IgA plasma cells to the effector sites. IgA responses are oligoclonal following immunization and clonally related IgA cells are distributed along the entire gut immune system, including both inductive and effector sites. 112 The fact that GCs are constantly present in PPs allows antigenactivated memory B cells to enter already existing GC in multiple PPs and to undergo rapid expansion, further somatic Ig-V region hypermutations and extensive clonal selection. Despite small numbers of resting IgA memory B cells in PPs, an oral challenge immunization dramatically elicited an impressive gut LP response. 71 We believe the reason for this is access to multiple sites for antigen-driven expansion of memory B cells and the ability to share expanding and affinity maturing memory B-cell clones. The plasticity of the IgA-inductive site in the PPs allows for the generation of memory B cells and longlived plasma cells that are clonally unrelated. In fact, by generating less mutated memory B cells that leave the GC early, before higher affinity plasma cells, a broader memory B-cell repertoire will guarantee better host protection in the long term. It can be envisioned that a broad memory B-cell repertoire is functionally important and could explain crossprotection against related pathogens, such as Vibrio cholerae and enterotoxigenic E. coli. 193 Nevertheless, with the expanded knowledge about the regulation of gut IgA responses and long-term memory development in the GALT, chances are that future oral subcomponent vaccines can be made more effective. This will require better vaccine formulations and more effective mucosal adjuvants that can enhance activation of B cells in the GALT and which also sustain presence of antigen to support the clonal expansion and selection of B cells required for a high quality protective IgA repertoire. Prospects for such a development look favorable. (a) When B cells enter into PP they up-regulate expression of CCR6, and move towards the SED where they will be in close contact with M cells and DCs, which activate TGF-b production subsequent to the expression of avb8, leading to IgA CSR. 55 (b) In the GC, activated B cells proliferate and affinity mature in an antigen-dependent selection process. To secure the presence of antigen in the GC, activated B cells intermittently down-modulate Bcl6 and upregulate CCR6. They can, thus, migrate from the GC to SED and acquire antigen from M cells. B cells of many specificities can simultaneously traffic from GC to SED and back to the GC again, loading multiple antigens onto the FDC network as has been described for peripheral lymph nodes and spleen. 191 These antigentransporting B cells will shuttle between the SED and the dark and light zone of the GC to support affinity maturation for as long as antigen is present in the lumen. Activated B cells that circulate between multiple PPs also up-regulate CCR6 and move into SED to sample antigen before they re-utilize a pre-existing GC. 
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